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CHAPTER I

Introduction and Literature Review

Heavy Metals-Their Distributions and Toxic Effects
The heavy metals, as defined by Passow et al.

(1961), are those

metals having a density greater than 5 grams per cubic centimeter.
According to this definition, about 68 elements are classified as heavy
metals.
Although heavy metals circulate naturally through the environment,
their distributions have been altered and environmental concentrations
have been greatly amplified by human activities.

According to Giddlings

(1973), "because of the resistance to degradation, heavy metal pollu
tion on the short time scale of man can often be regarded as permanent,
in sharp contrast to most man-made pollutants."
Lead is the most abundant of the heavy metals (Zimdahl & Hassett,
1977).

Since it could be shaped easily and resisted corrosion, lead

was one of the first metals to be used by man, with its use dating
back to the fourth millenium B.C.

(Zimdahl & Hassett, 1977).

In Greek

and Roman cultures lead was used to make cooking utensils and water
pipes (Hall, 1972).
In studies by Patterson and Salvia (1968), and Murozumi e_t a l .
(1969), samples of Greenland glacial ice dating from 800 B.C. to the
present were analyzed for lead content.

It was reasoned that the

quantity of lead in a given layer of snow, represents an intact record

1
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of the lead that was in the air when the snow was deposited.

The

analyses of these glacial samples indicated that the lead in the en
vironment increased steadily from 800 B.C. to 1750 as humans used and
smelted lead.

The lead content of the glacial ice reflected a further

rise of lead in the environment between 1750 and 1940, coinciding
with the Industrial Revolution.

Another steeper increase in the en

vironmental lead from 1940 on was attributed to the use of lead com
pounds in automotive fuels.
Today, lead is one of the most widely used nonferrous metals in
the United States with an annual consumption in 1975 of 1.3 million
tons (Ryan & Hague, 1977).

According to Schroeder (1968), the amount

of lead mined in 1963 was about 2 pounds for each person in the United
States.

Although the storage battery industry is the largest consumer

of lead, accounting for about 40 percent of the annual production,
much of this lead is recycled.
The combustion of gasoline, to which tetraethyl and tetramethyl
lead have been added, is responsible for 90 percent of the atmospheric
pollution by .lead (National Science Foundation, 1977).
(1970)

Chow and Earl

estimated that the lead aerosol concentration in San Diego in

creased at a rate of 5 percent per year from 1966 to 1969.

Leaded

gasoline contains, on the average, 2.1 and 1.5 grams of lead per gal
lon for premium and regular grades, respectively (Zimdahl & Hassett,
1977).

Estimates of particulate lead released annually to the air by

motorized vehicles in the United States range from 100,000 tons
(Lagerwerff & Sprecht, 1970) to 300,000 tons (Hall, 1972).
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The mean daily dietary intake of lead has been estimated to be
over 300 micrograms (Hall, 1972; Goldsmith & Hexter, 1967).

Only 6

to 10 percent of ingested lead is absorbed whereas 50 percent of in
haled lead is absorbed (Hall, 1972).
Lead poisoning, as an occupational hazard, has been known for
centuries (Goldsmith & Hexter, 1967) and was described more than 2000
years ago by the Greek poet, Nicander (Chisolm, 1971).
cumulative poison that has a biological
days

(Miller, 1979).

Lead is a

half-life in humans of 1460

Of the lead that is retained by the body, 90 per

cent enters the bones where it replaces calcium and remains in an in
soluble form.

During the crises of illnesses, cortisone therapy or

old age, this accumulated lead can be released suddenly, in toxic
levels, into the blood.

When lead enters the soft tissues, nephritis,

anemia or damage to the central nervous system may result (Elwyn,
1968) .
In contrast to the long historical use of lead, cadmium has been
recognized only recently as a useful metal.

However, because of its

myriad uses in industries, the consumption of cadmium in the United
States reached an estimated 3,341 tons in 1975 (DeFilippo, 1977).
About 50 percent of the cadmium produced is used in the electroplating
industry.

Cadmium is also used in the production of plastics stabiliz

ers, pigments, metal toys, batteries, electronic equipment, nuclear
control rods, television tubes, photographic and lithographic supplies,
glass, X-ray screens, alloys and compounds for curing rubber (McCaull,
1971; DeFilippo, 1977).
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Cadmium is ubiquituous because of its association with other
metals.

There are no cadmium ores as such, cadmium being produced

as a byproduct in refining other metals, primarily zinc, copper and
lead (McCaull, 1971).

Cadmium closely resembles zinc in its chemical

properties and is nearly always found where

ever zinc is found in

nature (Friberg et al., 1971) or in commercially available zinc com
pounds (Schroeder, 1967).
Because cadmium has a relatively low boiling point of 765° C., it
is released to the air when metals containing cadmium are heated.

The

smelting of metallic ores accounts for about 45 percent of the cadmium
emitted to the air.

Most of the remaining cadmium emissions occur

from the remelting of scrap steel, the incineration of solid wastes,
and the burning of diesel oil (Friberg et al., 1971; McCaull, 1971).
McCaull (1971) estimated the annual release of cadmium to the air to
be about 2 million pounds from the recycling of scrap steel, 250,000
pounds from the remelting of cooper automobile radiators and 190,000
pounds from the incineration of solid wastes.
Large amounts of cadmium are released accidently, and in a number
of cases, deliberately released to the soil and water.

According to

Schroeder and Buckman (1967), Hudson River sediments were found to
contain up to 16.2 percent cadmium near a battery plant.
of rubber tires, containing 20 to 90 ppm

The wearing

cadmium, releases an esti

mated 11,400 pounds of cadmium annually (Lagerwerff & Specht, 1970;
McCaull, 1971).
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Americans take in cadmium from air, water, food, beverages and
tobacco.

The biological half-life of cadmium is 200 days and it

accumulates slowly in the human body (Miller, 1979).

McCaull (1971)

stated that, "cadmium accumulates in the body in concentrations far
greater than those that have caused biochemical liver changes, high
mortality, and shortened life span in experimental animals."
et al.

Friberg

(1971) estimated the daily dietary intake of cadmium to be

about 50 micrograms, 3 to 8 percent of which is absorbed.

Cigarettes

contain, on the average, 1.4 micrograms of cadmium, making cigarette
smoke a major source of cadmium for many people (McCaull, 1971).

Be

tween 10 and 50 percent of inhaled cadmium is absorbed.
According to Christensen and Olsen (1957), "cadmium has probably
more lethal possibilities than any of the other metals."

Exposure

of humans and laboratory animals to cadmium suggests that cadmium may
play an etiological role in hypertension, birth defects, renal dis
orders, emphysema, arteriosclerosis, abnormalities in carbohydrate
metabolism, anemia, bone diseases and cancer (Mennear, 1979; McCaull,
1971).

Carrol (1966) has found a high degree of correlation between

cardiovascular death rates and the concentration of cadmium in the
air from industrial pollution.
On the molecular level, lead and cadmium have a strong attraction
for ligands such as phosphates, cysteinyl and histidyl side chains of
proteins, purines, pteridines and porphyrins.

A large number of bio

chemical sites of action may be involved in heavy-metal toxicity.
Many enzymes, having a functional sulfhydryl group, are inhibited, or
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rarely, others are stimulated.

By binding to these functional groups,

the conformation of the affected molecule is altered and the metabolic
pathway involved is disrupted (Vallee & Ulmer, 1972).
Many investigators have been concerned that the increasing amounts
of heavy metals in the environment will have adverse effects on human
health (Christensen & Olsen, 1957; Kehoe, 1961; Schroeder, 1961;
Patterson, 1965; Carrol, 1966; Hall, 1972; Bennett, 1974; Hiatt &
Huff, 1975; Mennear, 1979).

The short-term, toxic effects of high

amounts of lead and cadmium on animals and humans are well known, but
the long-range consequences of low concentrations of these heavy metals
on the health of man are not known.

The Entry of Heavy Metals in Living Systems.

Inhalation and ingestion are the modes of entry of the heavy
metals in humans.

According to Kehoe

food is the main pathway.

(1961), the consumption of solid

It is therefore important to devise methods

for minimizing the content of lead and cadmium in food crops.

Infor

mation about the environmental behavior of these metals and the factors
that influence their uptake and translocation to edible portions of
plants is of particular value.
Terrestrial plants may incorporate heavy metals from contaminated
soil via their roots and from atmospheric sources via their aerial
portions.

According to Aung (1974), the root system of plants con

stitutes the primary organ of ion absorption although minerals are
sometimes taken in through the foliage.
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Ophus and Gullvag (1974) analyzed leaves of the bryophyte
Rhytidiadelphus squarrosus collected from a park near a busy highway.
Electron microscopy revealed electron-dense precipitates inside the
plasma membrane, vacuoles, chloroplasts, nucleus, mitochondria, micro
bodies and plasmodesmata.

X-ray microanalysis indicated that these

precipitates contained lead and phosphorus.

The lead content of

these leaves was assumed to have been derived from motor vehicle
exhaust fumes.
It has been shown that most metals deposited on plant surfaces
from the atmosphere are not absorbed and are easily removed by washing
(Zimdahl & Koeppe, 1977).

However, the deposition of heavy metals on

plant surfaces should not be overlooked as a potential hazard in food
chains.

If metal-contaminated

animals graze on

crops are fed to livestock, or if

contaminated pastures, significant quantities of

heavy metals may be ingested.
A number of studies indicate that heavy metals originating from
automotive emissions contaminate roadside soils and are taken up by
plants.

According to Cannon and Bowles (1962), "the presence of lead

in vegetation growing near major highways was first noted by Warren
and Delavault in 1960."

Cannon and Bowles studied the lead content

in vegetation in relation to prevailing wind direction and distance
from traffic.
way

Samples of grasses were collected along 1000 foot high

traverses in both north-south and east-west directions.

The

grasses were washed, ashed, and analyzed for lead using an emission
spectrograph.

The results indicated that the volume of traffic and
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the prevailing wind direction were the major factors controlling the
distribution of lead.
from traffic.

Concentrations decreased with the distance

Higher concentrations were found on the downwind side

of the highways than in the direction against the prevailing wind.
Lagerwerff and Specht (1970) studied the uptake of cadmium,
nickel, lead and zinc in various species of plants along heavily trav
eled highways.

They compared heavy metal concentration and distance

from traffic and soil depths.

Grass samples and soil samples from 3

depths were taken at various distance from the pavement at four sampl
ing sites.

Their analyses of the samples indicated that the concen

tration of all the metals decreased in proportion to the distance from
the traffic and with increasing soil depths.

These investigators

found that if lead was taken up at all, the amount of uptake was minute.
In a similar study, Ward et_ a l . (1977) compared the concentrations
of six heavy metals, in soils and pasture vegetation species, with
traffic densities.

Samples were collected from 17 sites on median

strips at interchanges in Auckland City, New Zealand.

The levels of

cadmium, chromium, copper, lead, nickel, and zinc were determined by
atomic absorption and found to be considerably higher than background
levels.

The values were closely related to traffic densities.

Con

centrations of heavy metals in soils decreased with the depth indicat
ing that the source was aerial.

About a third of the heavy metals on

vegetation was removable by washing.

The highest accumulations were

found in white clover (Trifolium repens).
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Plant species growing on soils with elevated concentrations of
metals represent members of the population that have survived under
these conditions and therefore had, or must have evolved, mechanisms
of tolerance to the metals.

The short-lived plants such as the grasses

and herbaceous dicotyledons are most likely to develop tolerance.
Possible mechanisms of tolerance involve either

1)

avoidance,

is,prevention of metal uptake by an exclusion mechanism or
ance where uptake occurs, but there is

resistance

that

2) toler

due to prevention

of metals from reaching metal-sensitive sites, formation of specific
metal-tolerant enzymes or alteration of metabloic pathways.
Because no mechanism has been demonstrated that prevents the up
take of available heavy metals by tolerant plants (Ernst 1976), it
must be concluded that plants growing on metalliferous soils could
contain large amounts of metals in their tissues.

Ernst (1976) stated

that "metal-tolerant plants have to resist this toxic effect by re
moving these ions from the metabolism, by rendering them into an
innocuous form or by changing enzyme structures."
The effect of heavy metals on plants and the tolerance mechanisms
involved in resistant types are of critical importance not only be
cause of reduction of yields in agriculture by limiting plant growth
and productivity, but because of the biological magnification of the
metals and possible

entry into the food chain.

Under intensive agricultural practices, large quantities of
fertilizer containing heavy metal trace contaminants
the same soil year after year.

are applied to

Since these metals are relatively im

mobile, they accumulate in the plow zone where the majority of the

•
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plant roots grow.

According to Barrows (1966), "the soil, in effect,

acts as a concentrator, and with repeated applications, the concen
tration in the root zone may reach the point of injury to plants or
to animals consuming the plants."
A wide range of values for the content of cadmium and lead in
fertilizers has been reported.
to 36 ppm

Schroeder and Balassa (1963) found 9

cadmium in the phosphate fractions of 5 fertilizers where

as McCaull (1971) reported up to 8.9 ppm

cadmium in superphosphate.

Yost (1979) analyzed 15 high-phosphate fertilizers in common use and
concluded that the cadmium content ranged between 3.1 and 47.1

ppm

In a table of the chemical composition of normal superphosphate, Caro
(1964) lists the content of cadmium and lead as 50 to 170 ppm
to 92 ppm

and 7

respectively.

Schroeder and Balassa (1963) analyzed a variety of vegetables
grown in soils fertilized with superphosphate containing 7.25 ppm
cadmium in order to determine if cadmium uptake would occur.

He con

cluded that "superphosphate can be a source of the cadmium in certain
vegetables."

He did not find cadmium in vegetables grown in organic

ally fertilized soils.
Because of their toxicity, heavy metals are deliberately distri
buted in the environment as fungicides, pesticides, herbicides and
disinfectants (Antonovics et al., 1971; Lagerwerff, 1971).

Prior to

the event of organic insecticides, one of the most common procedures
was to spray or dust crops with lead arsenate to control insects.
Large quantities of spray or dust were needed since this was a
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relatively ineffective treatment.

During recent years, the use of

organic pesticides have replaced the use of inorganics.

However, the

organic pesticides often contain mercury, zinc, manganese, cooper,
and/or cadmium.

These organic compounds decompose and release heavy-

metal ions to the environment (Barrows, 1966).
ported that cadmium is

McCaull (1971) re

introduced to cropland in a dozen zinc and

cadmium-containing fungicides available in the the United States.
The application of digested sewage sludge to agricultural soils
presents another avenue for the introduction of heavy metals to culti
vated soils.

Yost (1979) analyzed sewage sludge from 11 Indiana

communities that ranged from heavily industrialized to non-industrial.
The cadmium content of the samples varied from 8 ppm

to 883

ppm

of

the dry weight.
Encouragingly, at the present time, there is little evidence to
suggest that cadmium and lead have accumulated in sufficient quanti
ties in most agricultural soils to cause alarm (Marten & Hammond,
1966; Page et a l . , 1972; Yost, 1979).

Potential exceptions to this

conclusion are the applications of high-cadmium rock phosphate ferti
lizers and metal-contaminated digested sewage sludge to cropland.
Local exceptions are found near battery plants, metal recycling in
dustries, and lead, zinc and copper smelters.
Although quantities of cadmium and lead are low for agricultural
soils, other than for the exceptions mentioned above, it is still
possible for plants to concentrate these nonessential elements.

There

fore factors that influence the uptake of heavy metals are of great
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importance.

According to Zimdahl and Hassett

(1977), "the behavior of

lead in the soil is dependent to a large extent on the nature of the
soil.

Soil pH, organic matter, inorganic colloids, iron oxides, and

phosphorus fertility, in addition to the amount of lead in the soil,
determine the chemical status of lead and hence its availability to
plants."
Marten and Hammond (1966) reported that an eight-fold increase
in total lead content of soil did not increase the lead uptake of
bromegrass grown on these contaminated soils.
(1971)

In a study by Lagerwerff

involving radishes that were grown on contaminated soils, a

10-fold increase in extractable soil lead resulted in less than a
doubling of lead uptake.
Antonovics et a l . (1971) regarded the organic content of the
soil to be of extreme importance in heavy metal uptake because of the
formation of stable complexes that bind the lead and prevent its
release.

Since roots take up ions from the solution phase of the root

growth medium, those ions that are complexed to organic matter or
adsorbed to clay particles are not freely available to the plant
(Epstein, 1972).
Hassett

(1974) studied the various factors that affect the

cation exchange capacity (C.E.C.), i,.e_.,

organic matter content,

surface area and clay content were reported to have a greater
effect on lead adsorption than soil pH and soluble phosphorus.
Miller at al.

(1975) were interested in developing a soil test

that would allow a prediction to be made about lead uptake from a
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range of soil types containing avariety of lead concentrations.

They

grew soybeans for 4 weeks in 10 Illinois soils selected to provide a
range of C.E.C., pH, and available phosphorus.

Lead, as lead chloride,

was added in concentrations from 0 to 1000 mg./g. of soil.

Lead was

extracted from the soils with the Bray inorganic phosphorus extract
ant.

Lead content of the soybean shoots and extractable lead were

determined by atomic absorption.
ly correlated

(r = 0.95).

These values were found to be high

The investigators concluded that the Bray

soil extractant is a useful tool in estimating lead uptake and that
C.E.C. was the major factor in determining the ability of soils

to

immobilize lead.
Several investigators have stressed the importance of pH as a
factor of heavy metal uptake.

Barrows (1966) warned that "heavy

metals become more available and more toxic to plants as the soil pH
drops and this should be ample warning to avoid practices that leave
the soils highly acidic."
Miller et al.

(1975) reported that lead uptake in corn and soy

beans decreased with increasing inorganic phosphorus and pH.

They

speculated that this was due to precipitation of lead as a phosphate
or hydroxide.

According to Moore (1974), "the pH of the ambient

solution markedly affects both cation and anion absorption by roots".
He reported that maximal absorption occurs from pH 5 to 7.
Metals may be part of the active sites of enzymes or they may
stablize macromolecular structure of proteins, nucleic acids, and
cellular particles that control metabolic pathways.

If a nonessential
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metal ion substitutes for an essential metal ion, the function of the
enzyme or cellular component may be altered and the involved metaboic
pathway

blocked.

The biological activities of metals, both essential

and toxic, are often greatly influenced by metal antagonism.

Vallee

and Ulmer (1972) state that, "one metal induces a biological effect
by altering the requirement f o r another; zinc prevents manifestations
of cadmium toxicity."

The influence of various cations and anions on

the uptake and toxicity associated with lead and cadmium was the ob
ject of several studies.
Wilkins (1957) was interested in the antagonism of calcium
nitrate on root growth inhibition by lead.

He attempted to determine

whether the calcium ion or nitrate ion was responsible using hydroponically grown Festuca o vina.
The reduction of the growth of the longest roots in each tiller
served as the criterion of lead toxicity.

Calcium ion was found to

reduce toxicity whereas no such action was reported to be associated
with the addition of nitrate ion.
Petit et al.

(1978) investigated the influence of cadmium ions

on the uptake of other cadmium ions.

For this experiment, tomato

plants were grown hydroponically with labeled cadmium.

The uptake

was measured by its depletion from the hydroponic solution.

Once the

cadmium in the solution was exhausted, it was replaced by a fresh
solution containing more cadmium.

After the initial uptake

of cadmium

had occurred, the rate of uptake from subsequent solutions was more
rapid.

The investigators concluded that cadmium taken in by the roots
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stimulated the rate of cadmium uptake.
The influence of various salts on cadmium uptake in soils and
quartz sand was the object of the study by John eit a l . (1972).
taminated

Con

soils taken from sites near a battery smelter and non

contaminated farmland soils were used to grow oat seedlings in a
growth chamber.

Carbonate, nitrate, chloride, sulfate and phosphate

salts of calcium were added to the

contaminated

soils.

The uptake

of cadmium was not appreciably altered except for .the addition of
1000 ppm' of phosphorus to one soil type which resulted-in a 43 per
cent reduction of cadmium uptake.

The same addition of phosphorus'

to a quartz sand did not elicit a similar response.
A study by Hassett et_ a l .(1976) was undertaken to compare the
uptake and toxic effects associated with lead and cadmium on corn
seedlings.

The heavy metals were added singly and

together.

Corn seedlings were grown in loamy sand treated with graded concen
trations of cadmium and lead.

After 3 to 7 days of treatment, the

seedlings were harvested and the length of the radicle measured.

The

researchers judged radicle elongation to be a sensitive indicator of
toxicity.

The roots were dried, dry-ashed, dissolved and analyzed

for lead and cadmium by atomic absorption.

Toxicity, indicated by

decreased radicle elongation, was evident at concentrations of 25 pg.
Pb/g..

of soil when the metals were present singly.

Significantly

lower concentrations produced inhibition of root growth when the
metals were added in combination, .i»e.*,

the magnitude of inhibition

from the combined metals was greater than the sum of the inhibitions
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of the metals added singly.

The atomic absorption data indicated

that higher levels of metals were present in the roots when metals
were added in combination.

The researchers suggested that there was

a synergistic interaction due in part to a reduction in cell membrane
selectivity that allowed more rapid entry of the metals through the
plasma membrane.
Investigators have attempted to quantify the toxic effects
associated with heavy metals by measuring specific indices of growth
processes.

In a study by Rauser (1978) in which toxicities of

cadmium, cobalt, nickel, and zinc were compared, decreased dry matter
production was chosen as the criterion of toxicity.

Symptoms of

metal toxicity were examined for similarities in hydroponically grown
white bean seedlings.

It was reasoned that common mechanisms of

phytotoxicity would cause the seedlings treated with these different
metals to respond in the same way.
considerably more toxic
Page

al.

Rauser reported that cadmium was

than the other metals.

(1972) grew 9 vegetable species in hydroponic solu

tions in order to evaluate cadmium tolerance and uptake in relation
to cadmium solution concentrations.

Seedlings were grown for 3 weeks

in treatment solutions maintained between pH 5.0 and 5.5.

After

harvest, leaves,

stems, and shoots were separated,

and prepared for

atomic absorption by dry-ashing. The roots were

analyzed.

washed, dried,
not

Although values for uptakes were irregular, in general the

uptake in leaves increased as the solution concentration increased.
Tolerance to cadmium

varied in different plants, but a 50 percent
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reduction in growth was reported in beets, beans, and turnips in
cadmium solution concentrations of 0.2 ppm.
Turner (1973) also studied the response of several vegetable
species to cadmium treatment.

Seedlings were grown in hydroponic

solutions containing cadmium in concentrations from 0 to 1.0 ppm.
The pH of the solutions was maintained between 6.0 and 6.5.

After

2 or 5 weeks, the shoot portions of the plants were dried and ana
lyzed by atomic absorption for cadmium and zinc.
not analyzed.

The roots were

The dry matter yield of all tops was reduced 30 to

50 percent compared with that of the controls.

There was a large

variation in the uptake of the tops from 2.2 ppm in carrots to 158
ppm in tomatoes.

Turner reported that there was no indication of

induced zinc or iron deficiency in treated plants as would be ex
pected if cadmium is antagonistic to the uptake of these ions.
The inhibition of soybean metabolism by cadmium and lead was
the purpose of an experiment by Huang jet al.

(1974).

Soybeans were

grown in a nutrient solution in sand-vermiculite culture in a green
house.

Lead and cadmium were added at day 2 and day 29 of the

experiment.

Final concentrations of the metals in the nutrient solu

tion ranged from 10 to 100

yM. Alteration in metabolism related to

the association with the heavy metals was indicated by changes in
the rates of nodulation, nitrogen fixation, photosynthesis and
legume production.

The results suggest that both metals inhibited

plant metabolism with cadmium treated plants showing the greater
response.

The earlier addition of the metals on day 2, produced a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

18

greater inhibition and was judged to simulate more closely natural
field conditions where soils are metal-contaminated.

The authors

concluded that "these experiments indicate that these heavy metals
could affect plant growth and yield."
The injury occurring from the excess of an element varies, de
pending on the element and the species of plant affected, but accord
ing to Agrios (1978), the damage incurred is usually the result of
direct injury by the element to the cell.

However, an element pre

sent in excess in the soil solution may interfere with the absorpion or function of another element.

In the case of the nonessential

elements, lead and cadmium, their presence in any amount may be
detrimental to the function of other ions and thereby lead to de
ficiencies or imbalances of essential elements.
Symptoms of cadmium toxicity have been described as resembling
iron deficiency chlorosis (John et al. 1972; Page et a l ., 1972;
Haghiri, 1973; Turner, 1973).

Although chlorotic appearance is by

no means unique for iron deficiency, interest has been shown in the
relationship between cadmium and iron in cadmium toxicity.
In their study, Root et al.

(1975) were interested in deter

mining whether the nutrient balance between iron and zinc was upset
by cadmium.

Corn seedlings were grown in hydroponic solutions con

taining concentrations of cadmium in a range from 0 to 40 mg./I.
pH was maintained between 3.5 and 4.0.
after 3, 6, 9, and 12 days of treatment.
dried, weighed,

The

The plants were harvested
Roots and shoots were

dry-ashed and analyzed by atomic absorption.

The
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dry weights of both shoots and roots and

chlorophyll concentra

tion in the leaves decreased as the uptake of cadmium increased.

As

cadmium concentrations increased, the uptake of iron increased, but
that of zinc decreased.

This result lead the authors to conclude

that an iron deficiency was not the cause of leaf chlorosis in the
cadmium-treated pla n t s .
In addition to investigating the inhibition of root growth by
cadmium

and lead, Malone et al.

(1978) attempted to determine

whether zinc or iron would mitigate the cadmium-induced toxicity in
roots.

Corn and soybean seedlings were grown in treatment solutions

containing cadmium chloride or lead citrate.

After 3 days of treat

ment, the roots were harvested, fixed in a mixture of acetic acid
and ethyl alcohol, and stained.

Primary root length was measured

and the lateral roots were counted under a dissecting microscope.
No significant inhibition of primary root growth was observed at
cadmium concentrations up to 1 mg./I.,but inhibition was observed
for cadmium concentrations greater than 10 mg./I.

The addition of

iron or zinc ameliorated the toxic effects associated with cadmium
in terms of primary root growth and numbers of lateral roots.

The

inhibition of root growth of the lead-treated seedlings showed in
consistencies across the concentration gradient.
Because of the extreme insolubility of lead orthophosphate of
1.4 x 10-5 g./lOO ml. of water (Weast, 1975), the role of phosphate
in lessening the toxic effects associated with lead may be that of
removing it from solution.

Once lead has precipitated from either
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the soil solution or the cytoplasm of the plant cell, it is no longer
available to the plant.
The significance of precipitated lead orthophosphate was examin
ed by Schulze and Brand (1978).

The purpose of the experiment was

to determine under what conditions divalent lead would reduce the
growth of Chlamydomonas and to identify the mechanism involved.
Liquid cultures of Chlamydomonas were grown in varied phosphate con
centrations with lead added as lead nitrate and lead acetate.

Peri

odically, growth rates were measured by removing 5 or 10 ml. aliquots
of the culture and analyzing them for chlorophyll content.

The

addition of lead in all concentrations to the culture medium caused
a white precipitate to form, that the authors reported to be lead ortho
phosphate.
the

When lead was added in greater or equal equivalence to

phosphate present, complete inhibition was seen.

explanations were given for these results.

1)

Two possible

"The cells may not

be able to sequester enough phosphate from the media containing
excess

Pb

2+

,

because the

Pb

2+

all free phosphate from solution.

,

effectively removes virtually
2)

The presence of phosphate in

solution could provide an effective means of keeping the

Pb

24-

level below the lethal concentration until all the available
phosphate has precipitated; excess Pb

24-

would then remain in solution,

increasing the concentration to a lethal value."

The authors favored

the first explanation and concluded that the adverse effects of lead
on algal growth are indirect due to the induced phosphate deficiency
by precipitation of lead orthophosphate.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

21

Koeppe and Miller (1970) undertook an experiment to relate
lead concentrations and substrate oxidation of the mitochondrial
fractions of corn. Mitochondria were isolated from 3-day-old etiola
ted corn shoots.

Lead chloride, reduced nicotinamide adenine

dinucleotide (NADH) and reduced succinate were added to the
mitochondrial culture and respiration rates measured.

The investi

gators reported that the addition of lead inhibited the succinate
oxidation and stimulated the NADH oxidation. The effects associated
with lead were minimized by the addition of inorganic phosphate and
no alteration in enzyme activity was observed when inorganic
phosphate was added prior to the lead addition.

The authors con

cluded that "plants that contain high concentrations of lead are
unlikely to be affected by these concentrations due to the pre
cipitation of the lead if sufficient phosphate is present."

It was

suggested that the effects of lead on plant growth may be accentuat
ed under conditions of phosphate deficiency.
The conclusions of Schulze and Brand (1978) and Koeppe and
Miller (1970) were in agreement that the mitigating influence of
inorganic phosphorus on lead-induced inhibition was due to the pre
cipitation of lead as lead phosphate thereby rendering it innocuous
to the plant.

It is interesting to note that in the Schulze-Brand

experiment the lead was assumed to have precipitated externally to
the cells, but in the Koeppe-Miller experiment, the lead was thought
to be internally precipitated.
In order for lead and cadmium to enter the food chain, plants
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must not only take up the heavy metals, but then translocate them
to the edible portions of the affected plants.

Most studies dealing

with heavy-metal uptake did not analyze the roots for heavy-metal
content, perhaps because of the difficulty in removing soil or
metals adsorbed to root surfaces.

Since data for the uptake of

heavy metals in the roots were not comapred to uptake by above
ground parts, little information about translocation is available.
Zimdahl and Koeppe (1977) noted that the lead content of fruits,
vegetables and grains was lower than that found in vegetative plant
parts.

In their study of grass

contaminated

from automotive ex

hausts, Kloke and Riebartsch (1966) concluded that the roots ab
sorbed considerable quantities of lead, but only limited amounts
were translocated to foilage.
One purpose of an experiment by Haghiri (1973) was to determine
the relative amounts of cadmium translocated to the leaves, pods,
and seeds in various vegetable crops.

Plants growing in hydroponic

culture were treated with radioactive cadmium.

Radioassay of the

plant parts revelated that the cadmium uptake was greatest in the
stems followed in dereasing order of uptake by leaves, pods, and
seeds.
Several studies have shown evidence that the cell wall functions
as a binding site for heavy metals and effectively reduces the con
centrations of these elements in the cell plasma and prevents trans
location from the root cells.
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Mathys (1975) questioned the importance of the root cell wall
as a major feature of the metal-tolerance mechanism in his attempt
to detect enzymes that would tolerate heavy metals.
of 6 heavy metals on 4 enzymes in resistant and

The influence

non-resistant

vascular plants was investigated in order to determine if enzymes
resistant to heavy metals were part of the tolerance mechanism.
Zinc-tolerant, copper-tolerant, zinc-and cooper-tolerant and nontolerant types of Silene cucubalus were studied in vitro and in v i v o .
Cooper, zinc, cadmium, nickel, cobalt and manganese were added to
the nutrient cultures and the activity of nitrate reductase, malate
dehydrogenase, isocitrate dehydrogenase and glucose-6-phosphate
dehydrogenase were assayed.
heavy-metal-tolerant plants.

No resistant enzymes were found in the
The in vitro experiments suggested

that the existence of tolerance is dependent on the intact cell.
When the cell structure is damaged, as in homogenization, a loss of
tolerance follows.

The author stated that "intact resistant cells

can simulate a resistance of enzymes, because the enzymes do not be
have in the same way in in vitro tests and in in vivo tests."
Turner and Marshall (1972) undertook a study to examine the
relationship between accumulation of zinc by sub-cellular fractions
of Agrostis tenuis and the degree of zinc tolerance of individual
populations.

Samples of 16 populations of A. tenuis with varying

degrees of tolerance to zinc were taken from metalliferous
in Wales and Germany.

soils

Tolerance indices for the individual popula

tions were obtained by comparing root growth in a zinc solution with
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root growth in distilled water.

Plants were grown for 52 days in

aerated, full-nutrient, hydroponic culture.

The roots were harvest

ed, homogenized and separated by differential centrifugation into
subcellular fractions.
labeled zinc.

Individual fractions were then exposed to

There was a high degree of correlation between the

tolerant indices and zinc uptake by the cell wall fractions.

A

significant correlation was not found between zinc uptake of the cell
wall fraction and nitrogen content.

The zinc accumulation by the

mitochondrial fractions was approximately one-third of that in the
cell wall fraction.

The authors concluded that the survival differ

ences for A. tenuis at high soil levels of zinc depended on the
greater capacity for zinc accumulation at the cell wall site for
tolerant populations.

This would prevent the excess zinc from

reaching susceptible sites in the intact roots.

The nitrogen con

tent of the cell wall fraction did not increase w ith zinc tolerance.
Two possible explanations were hypothesized.

1)

If the zinc-binding

by the cell wall was affected by a protein, differences in tolerance
due to zinc-binding capacity must arise from changes in the protein
rather than an increase of total protein associated with the cell
wall.

2)

The zinc-binding by the cell wall may be associated with

a carbohydrate rather than a protein component of the cell wall.
Cutler and Rains (1974) investigated the uptake of labeled
cadmium with respect to kinetics, concentrations and interactions
with various cations.
tions

Barley seedlings were grown in nutrient solu

in a growth chamber.

After 1 week of growth, the solutions
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were renewed with labeled cadmium in a concentration of 1 mg./I.
The plants were harvested at regular intervals and placed in fresh
nutrient solutions that did not contain cadmium in order to desorb
the exchangable cadmium.
cadmium.

The plants were then analyzed for labeled

Tests for cation interactions and kinetics were performed.

The results indicated that one large fraction of cadmium was dis
placed by subsequent desorption with various divalent cations.
Another fraction v/as determined to be strongly and irreversibly
bound.

The researchers suggested that the cell wall was the site of

the strongly bound labeled

cadmium and concluded that cadmium pro

bably entered the barley roots by diffusion and was followed by
sequestering.

Three mechanisms for the accumulation of cadmium in

roots were proposed:

1)

an exchange absorption that is reversible,

2) non-metabolic binding, probably to the cell wall, that is
irreversible sequestering, and 3) symplastic pathways where cadmium
is translocated away from the site of entry.
Malone £t al.

(1974) attempted to characterize the specific

method of lead accumulation and localize the sites of deposition.
Lead in concentrations ranging from 10 to 1000 mg./I, was supplied
to nutrient solutions in several forms.

Corn seedlings were hydro-

ponically grown and harvested at intervals from 2 hours to 6 days.
Leaf, stem, and root tissues were then prepared for light and
electron microscopy.

Lead crystals, associated with the cell walls,

were observed with phase microscopy in the stele and on the root
surfaces.

Smaller crystals were found in the root tips and leaves.
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Electron microscopy revealed dense deposits in some of the dictyosome
vesicles throughout the root within 2 hours after the addition of
lead to the nutrient solution regardless of the form of the lead
supplied.

Dense deposits were never observed in mitochondria,

plastids or nuclei.

After longer exposure to lead, the size of the

deposits increased.

It appeared that the larger deposits consisted

of groups of crystals encased in cell wall material and surrounded
by unit membranes.

The researchers found various stages of dictyo

some vesicles, fusing with the deposits, and membranes,
the deposits, fused with the plasmalemma.

surrounding

Because of the cell wall

material surrounding the deposit that was fused with the cell wall,
abnormally thickened walls resulted at sites of crystal deposition.
Crystal deposits at cell wall sites were observed throughout the
root system and in stems and leaves.

The authors considered the

posibility that the lead crystals seen in microscopic sections may
not have been deposited before fixation, but the pattern of deposi
tion seen x^as judged to be different from that for crystals formed
during or after fixation.

It was suggested that cytoplasmic com

ponents containing quantities of certain anions may function as
sinks for lead by forming insoluble precipitates.
appeared to have a high affinity for lead.

Some

dictyosomes

It was reasoned that

lead would form an insoluble precipitate with the phosphate of the
acid phosphatase contained in the dictyosomes.

Two possible explana

tions were given by Malone e_t a l . concerning the role of dictyosomes
in crystallization and removal of toxic compounds from the cytoplasm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

"1)

Dictyosomes normally function in the sequestering of unwanted

compounds from the cell, and it was only readily apparent here due
to the electron dense nature of the lead; or 2) dictyosomes precip
itated the lead only incidentally as a result of their normal act
ivities, and any cations that would form sufficiently insoluble
precipitates would react in the same way."
In summary, these studies have indicated that the widespread
use of lead and cadmium
into the environment.

has resulted in the release of these metals

When these heavy metals are available, they

have been shown to be taken up and accumulated throughout plant
tissues.

By sequestering toxic metals from the cytoplasm, a plant

may concentrate large quantities without lethal effects.

The uptake

of lead and cadmium could result in lower agricultural yields and
allow the entry of these metals into the food chain.

There is

concern that these metals, once in the food chain, could bring about
adverse health effects in humans.

The factors that influence the up

take and translocation of lead and cadmium, and the mechanisms that
allow the presence of these metals to be tolerated in plants is
therefore of importance.

In order to gather information about this

problem, a number of investigations have examined the influence of
the following factors on the uptake of lead and cadmium in hydroponically grown corn seedlings :

1)

the pH of the substrate,

2) the concentration of the heavy metals in the substrate,

3)

the concentration of the ferric ion in the substrate in relation
to the uptake of cadmium, and

A) the concentration of phosphate

in relation to the uptake of lead.
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Barrows (1966) reported that the availability and toxicity of
heavy metals increased with decreasing pH and Miller et d .

(1975)

found that lead uptake in corn and soybeans increased with decreas
ing pH.

However, Hassett (1974) concluded that the pH of the soil

was less important than organic matter, surface area, and clay con
tent in determining the capacity of the soil to adsorb lead.

For

this study corn seedlings were to be grown in nutrient solutions
adjusted to pH

4.0, 5.0, 6.0 and 7.0 and the uptake of lead and

cadmium in the roots and

shoots .determined.

The uptake of heavy metals by plants growing in metalliferous
soils has not been found to be related closely to the concentration
of heavy metals in the soil.

In their study of bromegrass grown on

contaminated soils, Marten and Hammond (1966) found that an eight
fold increase of total lead content of soil did not increase uptake.
Lagerwerff (1971) reported that a doubling of lead uptake in radish
es resulted when extractable soil lead was increased by a factor of
10.

For

this study, corn seedlings were to be grown in nutrient

solutions containing various concentrations of lead and cadmium and
the uptake of the roots and shoots determined.
Since cadmium toxicity is commonly described as resembling
iron deficiency chlorosis, the relationship between cadmium uptake
and ferric ion concentration of
Root £ t al.

the substrate will also be examined.

(1975) concluded that iron deficiency was not the cause

of leaf chlorosis in cadmium-treated corn plants.
study by Malone et al.

However, in a

(1978), the addition of iron was found to
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ameliorate the toxic effects associated with cadmium.

If iron

ameliorates the toxicity associated with cadmium, it might be expect
ed that cadmium uptake may be influenced by the level of ferric
ion in the substrate.

For this study cadmium-treated corn seedlings

were to be grown in full-nutrient solutions and in nutrient solutions
lacking ferric ion.
Although it has been shown that the presence of excess phosphate
decreases the toxicity associated with lead, the influence on lead
uptake is not clear.

Schulze and Brand (1978) concluded that the

inhibition of the growth of Chlamydomonas that occurred when lead
was added to the culture media was the result of a phosphate defi
ciency induced by the precipitation of lead orthophosphate.

Koeppe

and Miller (1970) theorized that phosphate decreased lead toxicity'
in plants by the removal of lead from the cytoplasm when insoluble
lead-phosphate compounds were formed.

For this study, corn seedlings

were to be grown in nutrient solutions containing 2 levels of in
organic phosphate.
the conclusions

A comparison of lead uptake may lend

support to

that the lead-phosphate compounds are precipitated

externally as suggested by Schulze and Brand or favor the suggestion
that the lead-phosphate compounds are deposited in the plant cells as
theorized by Koeppe and Miller.

Purpose
In an effort to seek more data about the effects of these
heavy metals on living systems, this study was therefore designed to
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analyze selected parameters of root and shoot growth in hydroponically grown corn seedlings (Zea mays) treated with lead and
cadmium.

The uptake of the heavy metals, lead and cadmium, will

be investigated under various conditions of pH, and iron and
phosphate concentrations.
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CHAPTER II

Study Design and Methodolgy

Purpose
In order to implement the purpose of this study, a series of
experiments was designed to elicit information about (1) the rela
tionships that might exist between lead and cadmium concentration in
the growth medium and the uptake of these metals,

(2) heavy metal

toxicity as indicated by various growth parameters,
of pH on heavy metal uptake,

(3) influence

(4) influence of iron deficiency on

cadmium uptake, and (5) influence of phosphate ion on lead uptake.

Design of the Study
The experimental runs undertaken in this study were conducted
on hydroponically g r o w corn seedlings (Zea m a y s ) , between May 1979
and October 1980.

An attempt was made to keep the growing conditions

as nearly uniform as possible for each run.

Lighting was provided

by 2 40-watt fluorescent lamps placed 30 cm. above the seedlings.
The lights were timed for 16 hour days and 8 hour nights.

In each

run throughout the entire study, all groups of seedlings consisted
of 15 individuals.

Eight groups totaling 120 seedlings were grown

at one time.
The first section of the study sought answers to the following
questions related to the heavy metal cadmium:
1.

To what extent will corn seedlings g r o w in hydroponic solu
tions containing varied amounts of cadmium, exhibit
31
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significant differences in the following growth parameters:
primary root length, shoot length, fresh root weight, fresh
shoot weight, total dry root weight, and total dry shoot
weight?

(The dry weights were from the combined roots or

shoots of 15 individuals.)
2.

To

what extent will

the cadmium uptake in roots or shoots

vary

with the amount of cadmium in the hydroponic media?
3.

To

what extent will

the cadmium uptake in roots or shoots

be

related to a deficiency of iron in the hydroponic media?
4.

To

what extent will

the cadmium uptake be related

to the pH

of the hydroponic media?

A 3-factor experimental design was employed with the following
independent variables:

(1) 4 levels of cadmium concentrations

(0 mg., 1 mg., 5 mg., and 10 mg.

cadmium, as cadmium chloride, per

liter); (2) 2 levels of ferric ion concentration (0 M
and (3) 4 pH levels

(4.0, 5.0, 6.0, and 7.0).

and

10 ^ M ) ;

The first experimental

run consisted of 8 groups of corn seedlings, 4 of which were grown
in full nutrient hydroponic solutions, and the other 4, in nutrient
solutions lacking ferric ion.
centrations for each set of 4.
for this run.

There were 4 levels of cadmium con
All solutions were adjusted to pH 4.0

This procedure was repeated 3 times in this manner,

except that the pH was adjusted to 5.0, 6.0, and 7.0 for these runs.
All seedlings were kept in treatment solutions for 4 days, after
which they were harvested.

The growth parameters were measured and

the roots and shoots were analyzed for cadmium and iron content.
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The second section of the study was concerned with the follow
ing questions related to the heavy metal lead:
1.

To what extent will corn seedlings grown in hydroponic solu
tions, containing varied amounts of lead, exhibit significant
differences in primary root length, shoot length, fresh root
weight, fresh shoot weight, total dry root weight, and total
dry shoot weight?

2.

To what extent will the lead uptake in roots or shoots vary
with the amount of lead in the hydroponic media?

3.

To what extent will the lead uptake in roots or shoots be re

4.

To what extent will the lead uptake be related to the pH of

lated to the level of phosphate in the hydroponic media?

the hydroponic media?

A 3-factor experimental design was also employed for this second
section with the following independent variables:
lead concentrations

(1) 4 levels of

(0 mg., 50 mg., 100 mg., and 150 mg. lead, as

lead citrate, per liter);

(2) 2 levels of phosphate ion concentra

tions (10 ^ M, and 2 x 10 ^ M ) ; and (3) 4 pH levels (4.0, 5.0, 6.0,
and 7.0).

As in the first section, factors

(1) and (2) were run

simultaneously at 1 pH level and were repeated 3 more times to in
clude the other pH levels.
The third section of the study dealt with the extent to which
tolerance to cadmium might be related to cadmium uptake.

Four

different varieties of corn (Zea mays) were grown in full nutrient
solutions (controls) and in full

nutrient solutions containing 10 mg.
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cadmium per liter (treated).

The differences in primary root length

between treated and control seedlings were used as a measure of
cadmium toxicity or tolerance.

These measures of tolerance to

cadmium were compared with the cadmium uptake in roots and shoots for
the 4 varieties.
The fourth section was designed to test the linearity of the
relationship between the uptake of

cadmium in roots and shoots and

the concentration of cadmium in the hydroponic solution over the
range of

0 mg. to 10 mg. per liter.

Corn seedlings were grown for

4 days in nutrient solutions lacking ferric ion and containing 0 mg.,
1.0 mg., 2.5 mg., 5.0 mg., 7.5 mg., and 10 mg. cadmium per liter.
For comparison, seedlings were also grown at 0 mg. and 10 mg.
cadmium per liter in full nutrient solutions.
adjusted to pH 6.0.

All solutions were

After 4 days of treatment, the seedlings were

harvested, dried, weighed and analyzed for cadmium content.
Similarly, the fifth section was designed to test the linearity
of the relationship between cadmium uptake, in roots and shoots, at
concentrations of 0 mg., 0.10 mg., 0.25 mg., 0.50 mg., 0.75., and
1.0 mg. cadmium per liter of hydroponic media.

For comparison,

seed

lings were grown at 0 mg. and 1.0 mg. cadmium per liter in full
nutrient solutions.

The procedure was the same as that in the pre

ceding section, except for the differences in concentration as
stated.
The sixth section of the study

dealt with cadmium solutions in

concentrations up to 40 mg. per liter.

It was questioned whether
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cadmium uptake would level off at higher concentrations because of
the "carrier effect".

Seedlings were grown for 4 days in treatment

solutions containing

0 mg., 10 mg., 20 mg., and 40 mg . cadmium per

liter of hydroponic solution.

Four groups were grown in nutrient sol

utions lacking ferric ion and 4 groups in full nutrient solutions.
All solutions were adjusted to pH 6.0.
The seventh section of the study dealt also with the question
of linearity between uptake and solution concentration.

In this

case, however, concentrations of lead, at levels of 0 mg., 1 mg.,
10 mg., and 50 mg. per liter, were compared with uptake in roots and
shoots.

Seedlings were grown for 4 days at the concentrations stated

in nutrient solutions containing 10
The

-3

M and 2 x 10

-3

M phosphate ion.

eighth section was designed to examine the uptake of cadmium

for periods longer than the usual 4-day treatment of this study.
Since uptake is measured on the basis of dry mass (ppm) , the question
was raised as to whether the uptake of cadmium would increase, de
crease or level off with time as dry mass accumulated with growth.
All seedlings were grown in full nutrient solutions, containing 10 mg.
cadmium per liter, and adjusted to pH 6.0.

One group of 15 seedlings

was harvested daily from day 5 to day 12 after treatement was begun.
In sections 5 through 8, the roots and shoots were harvested at
the end of each treatment period.

Fresh weights and dry weights were

obtained and lead or cadmium content was determined.
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Methodology
Corn (Zea mays) was chosen as the experimental plant for this
study for these reasons:
easily handled;

(1) the seeds and seedlings are large and

(2) corn is an economically important crop plant;

(3)

in waste-water treatment systems where sludge is being sprayed on
crops, corn is often planted and.may be subjected to environmental
conditions where heavy metals have accumulated.
For statistical reasons, it was desirable to select a corn seed
that would produce seedlings with a minimum of individual variation.
A single-cross, hybrid variety of field corn, Asgrow RX61A, was rec
ommended

by Cross (1980) for this purpose.

vided by The Upjohn Company.

The corn seed was pro

It had been treated with captan, thiran

and methoxy-chlor and dyed with Rhodamine B to indicate the presence
of the pesticides.
In the third section of the study design, A varieties of corn
seedlings were grown and compared for tolerance and cadmium uptake.
The A varieties of seed selected were Asgrow RX61A field corn,
Northrup-King 199 hybrid sweet corn, Burpee Golden Cross Bantam hybrid
yellow sweet corn and Burpee Silver Sweet hybrid white sweet corn.
Field corn and sweet corn are the same genus and species, but differ
in the sugar content of the endosperm.
Prior to germination, the corn seed was rinsed in warm, running
water for 20 minutes to remove the dye and pesticides.

In order to

eliminate the mold (Aspergillus sp.), that often develops during
hydroponic culture, the corn seeds were rinsed with full-strength
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household bleach for 1 minute as suggested Goodnight (1980).
Following this treatment, the seeds were rinsed again in warm, run
ning water for 10 minutes and finally passed through several changes
of boiled, cooled distilled water.
Other measures were taken to eliminate mold growth on the
hydroponically grown seedlings.

The distilled-deionized water, used

to make up stock and working solutions for the nutrient cultures, was
boiled, and all glassware was heated in a 121° C. (250° F.) oven over
night.
Hydroponic nutrient solutions were prepared according to the
formula prescribed by Hoagland and Arnon (Noggle, 1976).

The minerals

contained in this solution, as well as the concentrations of the
stock and working solutions are listed in Table 1.

Fresh working

solutions were prepared for each experimental run from the stock
solutions.

A Sargent-Welch Model PBL pH meter was used to measure

the pH of the working solutions.

Adjustments were made with a few

drops of 10 percent HCL or 10 percent NaOH.
Following this initial preparation, about 300 seeds were posi
tioned in proper growing orientation, with pedicel down, in double
rows on sheets of paper toweling material that had been saturated
with full-strength Hoagland's solution.

The sheets of toweling, do

nated by The Upjohn Company, were specially designed for sprouting
seeds and growing seedlings.

Individual 31 cm. by 41 cm.

toweling

sheets, with about 25 seeds each, were then carefully rolled and
placed in 500 ml. glass cylinders and capped with paraffin paper to
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prevent drying.

The cylinders were maintained at room temperature

for 3 days, by which time the seeds had fully sprouted.

TABLE 1. HOAGLAND'S NUTRIENT SOLUTION FOR HYDROPONIC CULTURE

MATRONUTRIENT S

salt

molecular
weight

stock
solution

working
solution

k h 2p o 4

136.09

1 M.

1 x 10"3 M.

KN03

101.11

1 M.

5 x 10-3 M.

Ca(N03)2

164.09

1 M.

5 x 10-3 M.

MgS04

120.37

1 M.

2 x 10-3 M.

MICRONUTRIENTS

salt

g/1

stock
solution

working
solution

h 3b o 3

2.86

0.04 M.

4 x 10-5 M.

MnCL2 *4H20

1.81

0.009 M.

9 x 10-6 M.

CuSO.-5Ho0
4
2

0.08

3 x 10"* M.

3 x 10“ 7 M.

h 2m o o 4 *h 2o

0.02

1 x 10~4 M.

1 x 10"7 M.

ZnS04 -7H20

0.22

7 x 10"4 M.

8 x 10-7 M.

FeCl3 -6H20

2.70

0.01 M.

1 x 10“5 M.

2% EDTA
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This method, suggested by Berkey (1980), for sprouting seeds in the
paper-toweling sheets allowed straight root and shoot growth and
facilitated length measurements.
The next phase of the procedure was designed to (1) obtain in
itial root and shoot measurements;

(2) limit variation; and (3) se

lect 120 individuals, 15 each for 8 treatment groups, in an unbiased
fashion.

In order to fullfill these goals, a root measurement was

made of the first seedling on the lower right of the unrolled sheet
of paper toweling.

If the primary root length was found to be within

a predetermined 2 cm. range, usually 6

+1

cm., the measurement was

recorded along with the shoot length and the seedling was placed in
treatment group I.

Following the placement of the first seedling,

the next seedling, going across the row, was measured to determine
whether the primary root length would fall in the predetermined 2 cm.
range.

If it did not, the seedling was rejected and the next seedling

was measured.

The next accepted seedling was placed in treatment

group II, the next in treatment group III and so on until 15 seed
lings had been selected for each of the 8 treatment groups.
The seedlings, once measured and selected, were placed individu
ally in 50 ml. Erlenmeyer flasks containing the various treatment
solutions and secured in place by means of a Dacron wad in the manner
described by Bowers (1980).

The seedlings were positioned so that

only the root portion of the seedling was in contact with the treat
ment solution.

The seed kernel and the Dacron wad remained dry and

allowed free air exchange while

preventing the entry of mold spores.
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The flasks were then arranged under fluorescent lights.
After 4 days of growth in the treatment solutions, the plants
were harvested, one at a time.

Each seedling was passed through a

series of 5 rinses to remove heavy metals adsorbed
faces.

The rinse series began with tap water,

to the root sur

followed by 3 separ

ate rinses of 0.1 N ethylene diamine tetraacetic acid (EDTA) and end
ed with a distilled water rinse.

Next, the plants were blotted dry

and the kernel portion was removed.

The primary root and shoot were

then separated at a point at the root shoulder
lengths and wet weights were recorded.

and the respective

All weights in this study

were measured to the tenth milligram' on a Sartorius digital analytical
balance, model 2400.
At this point, individual roots and shoots from each group were
pooled and dried in a 121° C. oven.

The drying process serves to

stop enzymatic reactions, and kills the plant material (Steyn, 1959).
Since the heavy metal content of the plant tissue is reported in
terms of dry weight, the pooled shoots and roots were left in the oven
overnight to assure the achievement of a constant dry weight.

After

allowing the dried plant material to cool, the roots and shoots were
weighed and placed in volumetric flasks for digestion.
All glassware for this study was soaked in nitric acid to remove
metal ions adsorbed to the surface of the glass.

The effectiveness of

the acid treatment, according to Tolg (1972), is attributed to the
strong binding of

H+ to the glass surfaces.

In order to analyze the samples for heavy-metal content by
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atomic absorption, the plant material must be completely liquefied.
Two methods are in general use for this purpose, dry and wet ashing.
According to Johnson (1959), "wet ashing of plant materials is
eminently superior to dry ashing for the determination of all elements
except for boron and chlorine" because (1) there is no danger of loss
of the element because the temperature of

the digest cannot exceed

the boiling point of the sulfuric acid (338° C.) or perchloric acid
(203° C.) and (2) the silica formed in the wet digest is completely
dehydrated and left in a form in which adsorption of micronutrients
is negligible.

Silica resulting from the dry ashing will adsorb

appreciable amounts of elements and must be removed by volatilization
with HF.
The method for wet ashing was adapted from one described by
Adrian (1973).

Two ml. of 96 percent nitric acid and 1 ml. of a

7:1 mixture of 70 percent perchloric acid and 97.5 percent sulfuric
acid was added to the dried
the amounts of

samples weighing from 0.5 to 1.0 g.

Half

these acids were added to samples weighing up to 0.5 g.

At this time, a reagent blank, 2 "spikes", and a sample of orchard
leaves were also prepared for digestion.

The reagent blank contained

only the acids used in the digestion process.

One spike contained

dried plant material, the digestion acids, and a known quantity of
the heavy metal being analyzed.

A second spike contained only the

digestion acids, plus the known quantity of heavy metal.
leaves had been analyzed
process

The orchard

by the proton induced X-ray emission (PIXE)

the atomic absorption results were compared
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with the values obtained by the PIXE process.
The digestion
and was allowed to

process was begun with the addition of the acids,
proceed at room temperature overnight.

According to Johnson (1959), the 70% perchloric acid behaves only
as a strong acid and has no oxidizing power at room temperature.
nitric acid oxidizes much of the organic matter including the
ic

OH groups that

The

alcohol

could become esterified with hot perchloric acid

and produce the explosive ethyl perchlorate (Smith, 1953).
After this initial digestion process the plant material was
warmed carefully until the danger of foaming over passed.

The heating

was increased and digestion was allowed to continue for several hours.
During the first stages of digestion, oxidation by nitric acid pro
duced copious brown fumes of nitrogen oxides.

When this reaction

was was complete, perchloric acid volatilized, producing
and displaced the boiling nitric acid (Smith, 1953).

white fumes,

As heating con

tinued, water boiled off until the perchloric acid concentrated to
the 72.5 percent water azeotrope.

"This hot, constant boiling mix

ture is one of the most powerful oxidizing agents known," according
to Johnson

(1959).

The presence of the small amount of sulfuric acid

served to raise the final boiling temperature and facilitate the
removal of the perchloric acid.

It is desirable to remove the acids

before analysis by atomic absorption since the acids may erode certain
metal parts of the machinery or, being oxidizing agents, may hinder
the reduction of the metals to the elemental state in the flame and
introduce error.
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A

Beckman, model DB, Prism Atomic Absorpiton Spectrophotometer

was used to make the metal determinations.

The settings used for

each metal are listed in Table 2.

TABLE 2. ATOMIC ABSORPTION SPECTROPHOTOMETER SETTINGS

element

heater on

wave length

current

slit width

gain fuel

support

Fe

yes

2483 A

24 ma

.22

6

4

20

Cd

yes

2288 A

13 ma

.15

6.1

4

20

Pb

yes

2833 A

7 ma

.15

5.5

4

20

A set of standards was prepared for atomic absorption for each
metal analyzed that would produce a working curve in the concentration
range of the samples analyzed.

The basic principle in atomic absorp

tion involves aspirating the sample directly into the absorption cell,
in this case by means of a Beckman burner.

The metal atoms are re

duced to their elemental state in the flame, and pass through a path
of light emitted from a lamp with a cathode of a specific metal.
atoms

of metal contained in the sample

light and the absorbance can be read on

The

will absorb a quantity of the
a meter.

The analysis of the reagent blank gave an indication of the
amounts of lead and cadmium in the acid reagents and the effects of
the acids on atomic absorption.

The reagent blank reading

ance was subtracted from the sample and

spike readings.

of absorb

The spikes

and the orchard-leaf samples served as a check on the accuracy of
the analysis.
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The heavy-metal content of each sample was obtained from the
standard curve.

Total metal content in ppm was calculated from the

flask size and dry weight of the sample.
In summary, corn seedlings were grown hydroponically in solutions
of various concentrations of lead and cadmium at 4 pH levels.

Seed

lings treated with cadmium were grown at 2 levels of ferric ion con
centration and seedlings treated with lead were grown at 2 levels of
phosphate concentration.

The increase in length of the roots and

shoots during the treatment period was measured and the fresh weights
obtained at harvest.

At this point, the roots and shoots of the 15

individuals of each treatment group were combined, dried, and weighed.
The dried plant material was digested with nitric and perchloric
acids and

analyzed for lead or cadmium content by atomic absorption.
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CHAPTER III

Analysis of the Data

The purpose of this chapter is to summarize in tabular form,
the data collected in this study and to describe and present the
results of the statistical analysis of these data.

Data Collection and Analysis
Each data entry in the tables in this chapter represents an
average length or wet weight, or the combined dry weight of heavymetal

"'ntent, of 15 individual seedlings.

In order to have a

sample large enough for analysis by atomic absorption, it was
necessary to treat the 15 individual roots or shoots as one sample.
Two-way analyses of variance (ANOVA) were employed using the
raw data measurements of individual root and shoot lengths to test
for significiant differences among the averages of these values.
Significant differences in root or shoot growth, related to heavy
metal treatment should serve as indicators of toxicity of the heavy
metals investigated in this study.
The first section of the study, dealing with the relationships
of cadmium concentration level, ferric ion concentration level, and
pH level was carried out in 4 experimental runs.

Each run, at a pH

of 4.0, 5.0, 6.0, or 7.0, involved 8 sets of 15 seedlings.

Four

sets of seedlings were grown in full nutrient solutions containing
0 mg., 1 mg., 5 mg., or 10 mg.of cadmium per

liter

respectively,

and 4 sets of 15 seedlings growing in nutrient solutions lacking
45
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ferric ion and containing the same concentrations

of

full nutrient solutions.

in Tables 3

The data are summarized

cadmium asthe

through 6 (pp. 47-50).
At this point, two-way ANOVAs were computed to determine if
significant differences existed among the mean values of the root
and shoot lengths for seedlings whose treatment solutions differed
in cadmium and ferric ion concentration.

Two-way ANOVAs were

computed using these 2 independent variables (cadmium
ion concentrations)

for pH 4.0, 5.0, 6.0, and 7.0.

and ferric

The fj-values

from the two-way statistical analysis of the root and shoot growth
parameters, are presented in Table 7 (p. 51).
At all 4 pH levels, the mean values of the primary root lengths
were found to differ signficantly

(p < .01)

among groups differing

in both the cadmium concentration and ferric ion concentration of
the treatment solutions.

This suggested that the

primary root growth could be used as an indicator

inhibition of

the

of cadmium

toxicity under the conditions of this study.
A significant interaction at pH levels 5 and 7 was found between
the independent variables of cadmium concentration and ferric ion
concentration, i,..e. ,

the differences in primary root growth assoc

iated with ferric ion concentration were not constant across all
levels of cadmium concentration.
It is important to note that the two-way ANOVA, as a statistical
tool, tests for significant differences among the various groups,
but does not identify where the differences are found.

ANOVAs were
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. AVERAGED AND POOLED GROWTH PARAMETERS OF CORN SEEDLINGS
TREATED W ITH CADMIUM AT pH 4.0

of the copyright owner.

Cadmium Concentration (mg./S..)

Further reproduction

Average root length growth (cm.)
Average shoot length growth (cm.'
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

Cadmium Concentration (mg./£.)

prohibited without perm ission.

Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
7.25
8.38
0.126
0.309
0.135
0.397
3
1

0
6.71
8.23
0.112
0.209
0.125
0.331
5
1

1
6.97
8.21
0.115
0.289
0.127
0.360
7
2

5
6.81
8.64
0.114
0.300
0.123
0.383
211
11

1

5

6.43
7.97
0.122
0.279
0.136
0.356
235
14

5.79
8.66
0.111
0.293
0.123
0.348
398
127

10
5.43
8.29
0.110
0.270
0.125
0.331
502
148

10
4.94
8.67
0.102
0.279
0.121
0.340
545
150

TABLE 4
AVERAGED AND POOLED G ROWTH PARAMETERS OF CORN
S E E D L I N G S T R E A T E D W I T H C A D M I U M A T p H 5. 0

0

Cadmium Concentration (mg./£.. )
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

Cadmium Concentration (mg./i..)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

7.09
7.81
0.130
0.283
0.138
0.322
1
0

0
8.00
8.36
0.127
0.304
0.138
0.366
2
0

1
7.13
7.72
0.131
0.296
0.142
0.352
6
0

1
7.18
7.84
0.122
0.296
0.139
0.362
330
14

5
8.66
7.85
0.130
0.293
0.139
0.341
316
2

5
5.60
7.27
0.119
0.276
0.137
0.348
475
101

10
6.65
7.62
0.116
0.291
0.129
0.344
372
14

10
4.77
6.80
0.123
0.258
0.148
0.344
499
146

TABLE 5
AVERAGED AND POOLED GROWTH PARAMETERS OF CORN
S E E D L I N G S T R E A T E D W I T H C A D M I U M A T p H 6.0

Cadmium Concentration (mg./5..)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

Cadmium Concentration (mg./2,.)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
8.01
7.09
0.112
0.244
0.122
0.281
4
1
' ""

0
6.92
7.25
0.104
0.268
0.121
0.323
3
19

1
7.99
7.03
0.106
0.251
0.114
0.287
14
3

5

10

7.31
6.73
0.098
0.241
0.117
0.286
325
29

5.15
5.91
0.094
0.215
0.115
0.277
507
105

1

5

6.28
7.30
0.106
0.274
0.119
0.337
328
71

5.33
6.06
0.094
0.201
0.110
0.247
464
97

10
5.29
6.94
0.104
0.243
0.124
0.302
500
149

'

AVERAGED AND POOLED GROWTH PARAMETERS OF CORN
SEEDLINGS TREATED WITH CADMIUM AT pH 7.0

Cadmium Concentration (mg ./£..)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
6.76
8.36
• • 0.126
0.304
0.135
0.341
2
1

Cadmium Concentration (mg./i.)

0

Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

8.11
9.35
0.140
0.342
0.156
0.421
5
1

1
7.76
9.12
0.126
0.330
0.136
0.374
21
2

1
6.63
9.01
0.130
0.312
0.154
0.391
318
15

5
7.41
8.28
0.119
0.280
0.136
0.335
302
15

5
5.51
7.76
0.115
0.255
0.143
0.327
463
67

10
5.63
7.91
0.132
0.255
0.141
0.331
440
22

10
4.88
7.83
0.116
0.256
0.141
0.327
538
107

51

TABLE 7
F VALUES FOR TWO-WAY ANOVA FOR ROOT AND SHOOT LENGTH
GROWTH OF CORN SEEDLINGS TREATED WITH CADMIUM

pH level

Shoot:

W
o
P4

4.0

5.0

Level of ferric ion
concentration

6.77

9.79

19.35

4.48

Level of cadmium
concentration

9.98

6.41

10.39

11.73

Interaction

0.25

8.09

2.72

5.93

Level of ferric ion
concentration

0.00

6.80

0.60

0.08

Level of cadmium
concentration

0.62

2.09

2.88

5.63

Interaction

0.17

2.26

1.85

1.64

n. = 120
j = 8

6.0

7.0

Independent Variable

j - 1 = 7 (numerator)
n. - j = 112 (denominator)
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employed here to determine whether the variation among group means
of root and shoot length was enough larger than variation among
individuals of each group to be significant.
The growth of the shoot during cadmium treatment did not show
consistent, statistically significant indications of cadmium toxicity
under the conditions of this study.

The F-values found with the

two-way ANOVA exceeded the critical F-value only at pH level 5 for
groups differing in level of ferric ion concentration.

The mean

values of the shoot growth were significantly different for cadmium
concentration at pH levels of 6 and 7, but not at pH levels of 4
and 5.

A significant interaction between groups was not indicated

for any pH level.
Table 8 (p. 53 )

summarizes the measurements of cadmium taken

up by shoots and roots for the various concentrations of cadmium
and ferric ion in the substrate at the 4 pH levels.

Cadmium uptake

versus cadmium concentration in the substrate is plotted in Figure 1
through 4 (pp. 54-57) for the 4 pH levels.

Four general trends are

suggested by these data:
1.

The uptake was higher in both shoots and roots when ferric

2.

At cadmium concentrations of 1 mg./I., the uptake of cadmium

ion was lacking in the substrate'ht lower cadmium concentrations."

in the roots was relatively high (average 303 ppm), when
ferric ion was lacking the the substrate, compared with
the near-control levels of cadmium uptake when ferric ion
was present (average 12 ppm ) .
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FIGURE 1.

CADMIUM UPTAKE (ppm) VS. CADMIUM SUBSTRATE CONCENTRATION

pH 4.0
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FIGURE 2.

CADMIUM UPTAKE (ppm) VS. CADMIUM SUBSTRATE CONCENTRATION
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3.

The cadmium uptake in the roots was always much higher than
uptake in the shoots.

4.

Content differences in uptake related to the pH of the
substrate were not found.

The relationship between lead concentration and inorganic
phosphate concentration was examined at 4 pH levels.

Four experimen

tal runs, at pH levels 4.0, 5.0, 6.0, and 7.0, each consisted of 4
sets of 15 seedlings, growing in full nutrient solutions containing
0 mg., 50 mg., 100 mg., and 150 mg. lead per liter and 4 sets of 15
seedlings growing in nutrient solutions with double the inorganic
phosphate and containing the same amounts of lead as the full
nutrient solutions.

The data are presented in Tables 9 through 12

(pp. 59-62) .
As with the data from the cadmium-treated seedlings, two-way
ANOVAs were computed to test for significant differences among the
mean values of the root and shoot lengths for seedlings whose
treatment solutions differed in lead concentration and level of in
organic phosphate concentration.

Two-way ANOVAs were computed using

these 2 independent variables for pH levels of 4.0, 5.0, 6.0, and
7.0.

The F-values from the two-way statistical analysis of the

root and shoot growth parameters are presented in Table 13 (p. 63).
A significant difference in the mean values of the primary root
length was found in groups whose nutrient solutions differed in
phosphate ion concentration only at pH 4.

Groups growing in sub

strates with different concentrations of lead had significant
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TABLE 9
A VE RAGED AND P OOLED GRO WT H PARAMETERS OF CORN
SEEDLINGS TREATED W I T H LEAD A T p H 4.0

Lead Concentration (mg./£.)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

Lead Concentration (mg./i.)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
6.06
6.88
.138
.371
.162
.457
0
0

0
5.92
6.53
.129
.298
.151
.372
13
0

50
4.44
5.88
.120
.279
.149
.353
422
9

50
5.13
6.. 04
.124
.269
.151
.340
133
3

100
4.57
6.15
.116
.299
.147
.381
388
5

100
5.31
6.54
.129
.327
.162
.428
105
7

150
4.49
5.71
.116
.274
.147
.363
464
8

150
4.70
5.98
.120
.295
.150
.379
160
10

A V E R A G E D A N D PO O L E D G R O W T H P A R A M E T E R S OF CORN
SEEDLINGS TR E A T E D W I T H LE A D A T pH 5.0

Lead concentration (mg ./£..)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight.(g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
J
Pooled shoot uptake (ppm)

double

Lead Concentration (mg./!,.)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
6.07
4.38'
.119
.222
.148
.308
0
0

0
6.36
5.01
.124
.250
.160
.364
0
0

50
5.64
4.51
.122
.233
.153
.341
52
0

50
5.25
5.05
.125
.262
.161
.376
112
0

100
5.33
4.69
.113
.250
.148
.364
54
0

150
5.18
4.76
.108
.238
.144
.349
104
0

100

150

5.41
4.97
.114
.243
.153
.357
59
0

5.29
4.87
.114
.244
.154
.358
98
3

T A B L E 11
A VERAGED AND POOLED GROWTH PARAMETERS OF CORN
S E E D L I N G S T R E A T E D W I T H L E A D A T p H 6 .0

Lead Concentration (mg./£.)
Average root length growth (cm.)
Average shoot length growth (cm.]
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

Lead Concentration (mg./£.)
Average root length growth (cm.)
Avergae shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

0
6.16
5.09
.113
.241
.131
.300
0
0

0
5.52
4.71
.111
.220
.151
.319
0
0

50
5.56
4.47
.110
.219
.146
.312
14
2

50
5.66
5.19
.119
.260
.160
.380
50
3

100
5.35
4.18
.109
.213
.141
.303
64
3

100
6.29
4.61
.113
.211
.160
.311
150
3

150
5.21
4.31
.103
.214
.138
.296
65
3

150
5.53
4.92
.109
.230
.159
.342
113
6

T A B L E 12
A V E R A G E D AND PO O L E D G R O W T H PARAME T E R S OF C ORN
SEEDLINGS

T R E A T E D W I T H L E A D A T p H 7. 0

Lead Concentration (mg./£.)

0

Average root length growth (cm.)
Average shoot length growth (cm.]
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

7.29
7.85
.1A2
.385
.175
.509
0
0

Lead Concentration (mg./£.)

0

Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

7.07
8.12
.146
.381
.182
.517
0
2

50
6.78
7.42
.136
.359
.169
.484
59
2

50
6.90
8.59
.161
.444
.207
.629
39
2

100
7.25
7.94
.150
.395
.178
.518
51
4

100
6.38
8.09
.146
.397
.192
.558
52
11

150
7.32
8.19
.141
.401
.180
.543
78
4

150
7.02
7.96
.151
.396
.204
.561
64
4

T A B L E 13

F VALUES FROM TWO-WAY ANOVA FOR ROOT AND SHOOT LENGTH
GROWTH OF CORN SEEDLINGS TREATED WITH LEAD

pH Level

CO

Independent Variable

4.0

5.0

6.0

7.0

Level of Phosphate
Ion Concentration

4.93

0.03

0.91

2.16

13.54

7.82

1.30

0.88

o

Level of Lead
Concentration

*

Interaction

1.52

0.85

2.89

0.90

Level of Phosphate
Ion Concentration

0.34

6.99

4.88

2.63

Level of Lead
Concentration

3.81

0.18

2.17

0.04

Interaction

0.67

0.64

2.56

2.02

(0
JJ
o
.§
U)

n. = 120
j = 8

j - 1 = 7
n. - j = 112
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differences in root length means at pH 4 and 5, but not at higher
pH levels.
Shoot growth during lead treatment was found to be significantly
different between groups differing

in phosphate concentration of the

substrate at pH 5.0 and 6.0, whereas groups treated with the various
concentrations of lead were found to have significantly different
mean values of shoot length only at pH 4, but not at higher pH levels.
A summary of the uptake of lead by shoots and roots of these
hydroponically grown corn seedlings appears in Table 14 (p. 65).
The results were much less consistent than those obtained for the
cadmium-treated seedlings, but suggest the following trends:
1.

There was little uptake of lead by the shoots.

2.

A consistent pattern relating lead uptake and phosphate
concentration was not found.

However, when the uptake for

all roots was averaged, the seedlings grown in the substrate
_3
containing 2 x 10

molar phosphate ion showed an uptake of

95 ppm compared with 153 ppm taken up by roots grown in
-3
10
3.

molar phosphate ion nutrient solutions.

The average uptake of lead by roots from all treatment

groups

at pH 4 was much higher (400 percent) than the average uptake
of the roots at the other pH levels.

The third section of this study compared cadmium tolerance,
judged by the inhibition of primary root growth, and cadmium uptake
for 4 varieties of corn seedlings.

Two sets of 15 seedlings, for

each of the 4 varieties of corn were grown in full nutrient solutions
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SUMMARY OF LEAD UPTAKE (ppm) FOR LEAD-TREATED CORN SEEDLINGS

Nutrient Solutions with. Double
Phosphate
1

Full Nutrient Solutions

of the copyright owner.

Lead
Concentration
(mg ./£..)

Further reproduction

co
>
.J
a
a.

0

50

100

150

0

50

100

150

4.0

0

422

388

464

5.0

0

52

54

104

13

133

105

160

0

112

59

6.0

0

14

64

98

_ 65

0

50

150

113

7.0

0

59

71

78

0

39

52

64

o
o

Pi

prohibited without perm ission.

4.0

0

9

5

8

0

3

7

11

5.0

0

0

0

0

0

0

0

3

6.0

0

2

3

3

0

3.

3

6

7.0

0

2

4

4

2

2

11

4

cn
4-1
o
o

(controls) and in full nutrient solutions containing 10 mg. cadmium
per liter (experimental).

The average lengths of root and shoot

growth during the treatment period and the combined dry weights and
cadmium uptakes for roots and shoots appear in Table 15 (p. 67).
Since the results are equivalent to the end measures

(intermediate

concentrations are omitted) of the seedlings grown in the first
section,

the contrast between control and experimental groups was

greater.
Of the 4 varieties, the difference in the primary root
between control and
Asgrow seedlings

experimental seedlings was the least

growth

in the

(average 1.6 cm.), jL.e.., the Asgrow seedlings

showed the greatest tolerance to the cadmium in the substrate.

The

least tolerance to cadmium was found in the Burpee Golden Bantam
variety that had an average difference in root growth of
between control and

2.9 cm.

experimental seedlings.

The highest cadmium uptake in roots was found in the Asgrow
variety

(439 ppm) and the least uptake in roots was in the Burpee

Golden Bantam (265 p p m ) .

Although the Asgrow seedlings had the

highest cadmium uptake in the roots, the uptake in the Asgrow shoots
was the lowest (71 ppm) of the 4 corn varieties.
In summary, the results generated from this comparison of 4
corn varieties suggested these relationships between cadmium uptake
and tolerance:
1.

The seedlings with the highest tolerance to cadmium had
the highest uptake of cadmium in the roots

(Asgrow).
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AVERAGED AND POOLED GROWTH PARAMETERS OF FOUR VARIETIES
OF CORN SEEDLINGS TREATED WITH CADMIUM

of the copyright owner.

Full Nutrient Solution

Further reproduction

Corn Variety
Cadmium Concentration (mg./£.)
Average root length growth (cm.)
Average shoot length growth (cm.)
Average root wet weight (g.)
Average shoot wet weight (g.)
Pooled root dry weight (g.)
Pooled shoot dry weight (g.)
Pooled root uptake (ppm)
Pooled shoot uptake (ppm)

ASGROW RXGIA
10
0
5.71
7.31
6.48
7.46
.123
.139
.288
.327
.173
.169
.463
.439
439
3
71
0

NORTHRUP-KING-199
10
0
7.16
5.19
5.01
3.93
.143.
.154
.184
.225
.186
.207
.310
.296
329
0
107
0

Full Nutrient Solution

prohibited without perm ission.

BURPEE GOLDEN CROSS
Corn Variety
10
0
Cadmium Concentration (mg./A.)
7.89
10.76
Average root length growth (cm.)
5.48
7.44
Average shoot length growth (cm.)
.174
.251
Average root wet weight (g.)
.230
.367
Average shoot wet weight (g; )
.241
.289
Pooled root dry weight (g.)
.347
.491
Pooled shoot dry weight (g.)
265
1
Pooled root uptake (ppm)
84
0
Pooled shoot uptake (ppm)

BURPEE SILVER WHITE
10
0
10.01
7.67
.4.42
5.40
.112
.143
.179
.240
.138
.155
.246
.310
377
0
98
0

68

2.

The seedlings that had the lowest tolerance to cadmium,
had the lowest uptake of cadmium in the roots

(Burpee

Golden Bantam).
3.

The seedlings that had the highest cadmium uptake in the

4.

The seedlings that had the highest tolerance to cadmium

roots had the lowest uptake in the shoots (Asgrow).

showed

an increase in root dry weight from control to

experimental, although the root wet weight decreased
from control to experimental.

Two-way ANOVAs were employed to test for significant differences
among

the mean values of the root and shoot lengths between

varieties of corn and for level of cadmium concentration.

The re

values from these computations are presented in Table 16 (p. 69).
The differences

in the mean values of both shoot and root growth

among varieties

of corn and for the concentration level of cadmium

were found to be highly significant

(p < .01).

interaction between the independent variables

A significant

(variety of corn and

cadmium concentration) was not found i_.j2 ., the root and shoot growth
was inhibited by cadmium treatment in all 4 varieties of corn.
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TABLE

16

F-Values from Two-Way ANOVA for Root and Shoot Length
Growth for Four Varieties of Cadmium-Treated Corn

Independent variable

Roots

Shoots

Variety of Corn

14.84

49.20

Cadmium Concentration

28.04

53.58

0.42

1.87

Interaction

n. = 120
j = 8
p < .01

j - 1 = 7
n. - j = 112

The relationship between cadmium uptake and cadmium concentration
of the substrate was examined with cadmium concentrations ranging
from 0 mg./I.

to 10 mg./I. and 0 mg./I.

summarized in Table 17 (p.

to 1.0 mg./I.

The data are

70 ) and 18 (p. 71 ), respectively.

The

uptake of cadmium versus the concentration of cadmium in the
nutrient solutions for these 2 concentration ranges are plotted in
Figures

5 and 6 (pp. 72-73). Generally, the rate of cadmium uptake

by roots increased more rapidly at the lower end of each concentra
tion range, but the uptake continued to increase with increasing
cadmium concentration.
The sixth section of the study was designed to test for the pres
ence

of the "carrier effect" on the uptake of cadmium into the roots.

The cadmium concentrations ranged from 0 mg.

to 40 mg. cadmium per

liter for corn seedlings grown in both full nutrient solutions and
in nutrient solutions lacking ferric ion.

The results appear in
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TABLE 17

WET AND DRY WEIGHTS AND CADMIUM UPTAKE FOR CORN SEEDLINGS
TREATED WITH 0 mg. TO 10 mg. CADMIUM PER LITER

of the copyright owner.

Full Nutrient
Soltuion

pH 6.0

Nutrient Solution Lacking Ferric Ion

Cadmium concentration
(mg./£.)

0

10

0

2.5

5.0

7.5

10

Root wet weight

2.721

2.471

3.206

2.616

2.497

2.207

2.410

2.876

(g.)

Shoot wet weight
Root dry weight

(g.)
(g.)

• 1.0

7.080

6.502

7.924

7.376

7.180

7.092

7.362

7.125

0.179

0.178

0.199

0.178

0.195

0.194

0.207

0.211

Further reproduction

0.625

0.586

0.602

0.605

0.642

0.611

Shoot dry weight (g.)

0.540

Root uptake (ppm)

0

377

1

323

375

419

450

503

Shoot uptake (ppm)

0

14

0

13

55

65

75

92

0.527

prohibited without perm ission.
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TABLE 18
WET AND DRY WEIGHTS AND CADMIUM UPTAKE FOR CORN SEEDLINGS
TREATED WITH 0 mg. TO 1.0 mg.CADMIUM PER LITER

of the copyright owner.

Cadmium concentration
(mg./ a .)

0

Root wet weight

Full Nutrient
Solution
1

pH 6.0

Nutrient Solution Lacking Ferric Ion
0

0.1

0.25

0.50

0.75

1.0
2.325

2.036

2.132

2.368

2.350

2.140

2.097

2.411

Shoot wet weight (g.)

5.962

6.345

6.393

6.888

6.074

6.310

6.670

7.064

Root dry weight

0.384

0.398

0.395

0.408

0.388

0.397

0.409

0.415

(g.)

(g.)

Further reproduction

0.798

0.707

0.757

0.775

0.855

Shoot dry weight (g.)

0.689

0.750

0.739

Root uptake (ppm)

0

2

0

54

101

118

135

142

Shoot uptake (ppm)

0

0

0

8

15

17

20

20

prohibited without perm ission.
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FIGURE 5,

CADMIUM UPTAKE BY ROOTS OF CORN SEEDLINGS
TREATED WITH 0 mg. TO 10 mg. CADMIUM P ER LITER
(nutrient solution lacking ferric ion)

pH 6.0

520

500

480

460

420

Cadmium

Uptake

(ppm)

in

Roots

440

400

380

360

340

320

300

i;o

2.5

5.0

7.0

10 ,

Cadmium Concentration (mg./£.)
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CADMIUM UPTAKE BY ROOTS OF CORN SEEDLINGS
TREATED WITH 0 mg. to 1.0 mg. CADMIUM PER LITER
(nutrient solution lacking ferric ion)

140

130

120

100

80

70

60

50

Uptake

of

Cadmium

in

Roots

(ppm)

90

20

10

0

0.1

0.4

0.5

0.6

1.0

Concentration of Cadmium (mg./£.)
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Table 19 (p. 75) and the uptake for roots and shoots are represented
graphically in Figure 7 (p. 76).

The uptake of the roots of the

seedlings grown in full nutrient solutions was still rising sharply
at 40 mg. per liter.

The uptake of the roots of the seedlings

grown in nutrient solutions lacking ferric ion was increasing at
40 mg. per liter, but much less sharply than for the seedlings
grown in full nutrient solutions.

The shape of the uptake curve for

the shoots mirrored the uptakes in the roots, but at much lower
values.
The seventh section of the study was concerned with the relation
ship of lead uptake and substrate concentration of lead in the range
of 0 mg. to 50 mg. per liter.

The data collected from this experi

mental run are summarized in Table 20 (p. 77), and the uptake for
roots versus substrate concentration is plotted in Figure 8 (p. 78).
The uptake of lead was similar for the seedlings grown in the 2
concentration levels of inorganic phosphate.
Eight groups of corn seedlings, each consisting of 15 individuals
of the same age, were grown in full nutrient solutions containing
10 mg. cadmium in order to examine the relationship between cadmium
uptake and accumulation of dry plant mass.

Fifteen plants were

harvested daily for 8 days beginning with day 5 after cadmium treat
ment was begun.

These results are listed in Table 21 (p 79) and the

uptakes graphed for the 8-day period in Figure 9 (p. 80).

With each

day of growth in cadmium treatment solutions, the cadmium content of
the seedlings increased, on the average, by 113 ppm.
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TABLE 19
W ET AND DRY WEIGHTS AND CADMIUM UPTAKE FOR CORN
SEEDLINGS TREATED WITH 0 mg. TO 40 mg. CADMIUM PER LITER

of the copyright owner.

Cadmium Concentration (mg./£.)

0

Root wet weight (g.)
Shoot wet weight (g.)
Root dry weight (g.)
Shoot dry weight (g.)
Root uptake (ppm)
Shoot uptake (ppm)

2.976
9.758
0.227
0.862
1
0

Further reproduction

Cadmium Concentration (mg./fc.)
Root wet weight (g.)
Shoot wet weight (g.)
Root dry weight (g.)
Shoot dry weight (g.)
Root uptake (ppm)
Shoot uptake (ppm)

0
3.421
10.144
0.253
0.950
2
0

10
3.031
9.337
0.253
0.915
197
35

10
3.221
9.797
0.273
0.985
249
45

20
2.867
9.071
0.242
0.908
261
57

20
2.949
8.202
0.259
0.870
301
64

40
2.370
7.815
0.228
0.863
374
79

40
3.000
8.825
0.262
0.911
321
68

prohibited without perm ission.
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FIGURE 7
CADMIUM UPTAKE BY ROOTS AND SHOOTS OF CORN SEEDLINGS
TREATED WITH 0 mg, TO 40. mg. CADMIUM P ER LITER
(pH 6.0)

400
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WET AND DRY WEIGHTS AND LEAD UPTAKE FOR CORN SEEDLINGS
TREATED WITH 0 mg. TO 50 mg. LEAD PER LITER
pH 6.0

of the copyright owner.

-3
Nutrient Solution Double PO,
4

Full Nutrient: Solution
Lead Concentration
(mg./Z .)
Root wet weight

(g.)

Shoot wet weight
Root dry weight

(g.)
(g.)

Further reproduction

Shoot dry weight

(g.)

0

5

10

50

0

5

10

50
2.382

2.434

2.218

2.364

2.312

2.385

2.397

2.329

6.974

6.056

6.627

6.817

6.534

6.579

6.324

6.747

0.180

0.154

0.186

0.171

0.166

0.165

0.167

0.166

0.562

0.470

0.546

0.542

0.516

0.523 1

0.503

0.527

Root uptake (ppm)

0

13

27

35

0

12

30

36

Shoot uptake (ppm)

0

11

0

0

0

0

4

2
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FIGURE 8

UPTAKE OF LEAD IN ROOTS OF CORN SEEDLINGS
TREATED WITH 0 mg, TO 50 mg. LEAD PER LITER

(pH 6.0)
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TABLE 21

W ET AND DRY WEIGHTS AND CADMIUM UPTAKE FOR CORN SEEDLINGS
TREATED WITH CADMIUM FOR 4 TO 11 DAYS
pH 6.0

of the copyright owner.

10 m g ./H. Cadmium in Full Nutrient Solution
Days of Treatment

4

Root wet weight (g.)

5

6

7

Further reproduction

2.017

2.039

2.754

Shoot wet weight (g.)

3.586

4.201

' 5.415

Root dry weight

0.156

0.163

0.181

0.339

0.407

0.507

0.616

(g.)

Shoot dry weight

(g.)

Root uptake (ppm)
Shoot uptake (ppm)

2.925

8

9

3.399

3.553

6.690

7.443

0.192

0.204
0.640

10

11

3.486

3.893

8.868

9.948

10.654

0.205

0.199

0.189

0.544

0.828

0.845

320

375

471

559

735

889

1044

1112

50

42

64

85

133

212

148

216
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FIGURE 9
CADMIUM UPTAKE BY ROOTS OF CORN SEEDLINGS
TREATED WITH 10 mg, CADMIUM PER LITER FOR
4 THROUGH 11 DAYS
(full nutrient solution pH 6.0)
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CHAPTER IV

Discussion

Various factors such as pH, ferric ion concentration, and in
organic phosphate concentration, have been found to alter the
toxicity symptoms of lead and cadmium in plants.

Therefore, this

study was designed to analyze the influence of these factors on the
uptake of lead and cadmium, and on plant growth, of corn seedlings
grown in nutrient solutions containing these heavy metals.

The

following relationships were examined:
1)

The concentration of cadmium in the substrate and root

2)

The concentration of cadmium in the substrate and the

and shoot growth.

uptake of cadmium in roots and shoots.
3)

The uptake

of cadmium in roots and shoots and pH.

4)

The uptake

of cadmium in roots and shoots and ferric

5)

The concentration of lead in the substrate and root and

6)

The concentration of lead in the substrate and the uptake

ion.

shoot growth.

of lead in roots and shoots.
7)

The uptake

of lead in roots and shoots and pH.

8)

The uptake

of lead in roots and shoots and inorganic

9)

Cadmium tolerance and uptake of cadmium in roots ans shoots.

10)

phosphate.

Cadmium uptake and accumulation of dry mass.

Two-way analyses of variance (ANOVA) were computed to test for
significant differences among the mean values of primary root

and
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shoot growth measurements of seedlings grown in solution cultures
containing the various concentrations of cadmium and lead.

Signifi

cant differences among the mean values of primary root growth were
found for seedlings treated with cadmium at all 4 pH levels.

These

differences in primary root growth could be assumed to be an indica
tor of cadmium toxicity under the conditions of this study.
The relationship between the concentration of lead in the sub
strate and root and shoot growth was not as consistent as the one
found in cadmium-treated seedlings.

A significant difference among

the means values of the primary root growth was found in groups
differing in the amounts of lead in the culture solutions at pH 4
and 5, but not at pH 6 and 7.

Therefore primary root growth could

not be assumed to be a reliable indicator of lead toxicity under
the conditions of this study.
Hassett et al.

(1976), in their study of lead and cadmium-

treated corn plants, reported that "root elongation provided the
earliest morphological evidence of injury" from heavy metals, and
that percent germination and shoot growth were not sensitive in
dicators.

According to Bennett

(1974), "the assessment of morphologi

cal and physiological changes in roots brought about by toxic sub
stances is the most definitive and accurate means of defining toxicity
of a substance."

However,

number of toxic substances.

the visible symptoms may be similar for a
For example, Moore (1974) and Kerrige

(1971) also used a measure of primary root growth as the criterion
for aluminum toxicity.
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Although the results indicated that the cadmium uptake in the
roots was positively related to the concentration of cadmium in the
substrate, a linear relationship was not suggested by the data.

The

rate of uptake increased sharply as the cadmium concentration increased
at the lower end of the concentration scale and became more moderate
as substrate concentrations increased.

Because of a 9 percent var

iance among duplicate runs of treated seedlings and a 4 percent pre
cision error, estimated by repeating atomic absorption analyses, it
is not possible to postulate a more exact relationship between uptake
and substrate concentration for cadmium.
Corn seedlings were grown in culture solutions containing up to
40 mg. cadmium per liter to test for the "carrier effect".

If the

cadmium ion attaches to an active agent (carrier), the transport of
the cadmium into the cell would be promoted.

However, as the cadmium

concentration is increased, a point would be reached where all the
carrier sites are saturated and further increases in the cadmium con
centration of the substrate would not increase the rate of cadmium
entry into the cell.
off.

At this point uptake could be expected to level

In this study, the cadmium uptake in the roots continued to in

crease at different rates over the range of cadmium concentrations.
Evidence supporting the existance of a carrier was not seen at higher
concentrations, but the presence of a carrier cannot be discounted at
lower cadmium concentrations.
'

Cutler and Rains

(1974) concluded from their study of the

radioactive cadmium uptake in barley roots that passive diffusion
could account for the movement of cadmium into root cells.

Although

this concentration range may have been too low to saturate all the
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carrier sites, the lack of evidence to support the "carrier effect"
supports the conclusion that the entry of cadmium is passive.
The values of lead uptake for roots of the lead-treated corn
seedlings were less consistent than the uptake values obtained from
the seedlings treated with cadmium.

A linear relationship between

uptake and concentration was not suggested, since the uptake of
lead in roots and shoots did not increase with increasing amounts
of lead in the substrate.
For both cadmium and lead-treated seedlings, the heavy-metal
content in the shoots was minimal.

The uptake of cadmium and lead

in the shoots was 17% and 3% , respectively, of the uptake of these
metals in the roots.

Findings that the translocation of heavy metals

to the shoots was of a small magnitude, agree with the results
by other investigators

(Kloke and Riebartsch,

Zimdahl and Koeppe, 1977).

1964; Haghiri, 1973;

It has been proposed that the reason for

this lack of translocation is due to binding by the cell wall (Turner
and Marshall, 1972; Cutler and Rains, 1974; Mathys, 1975).
In their study of cadmium-treated barley seedlings, Cutler and
Rains (1974) suggested that there were 3 mechanisms for the accumula
tion of cadmium:

1) a reversible exchange absorption;

2) a non-

metabolic binding; and 3) translocation away from the site of entry.
The lead and cadmium ions that were reversibly bound to the roots
were most likely removed during the EDTA rinsing procedure in this
study.

The quantity of heavy metals translocated to the shoots would

seemingly be related to the effectiveness of the non-metabolic binding
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mechanism.

The small amounts of heavy metals translocated to the

shoots, especially for lead-treated seedlings, would indicate that
most of the heavy metals entering the roots during the short term
pf the treatement period were irreversibly bound.
Although the importance of pH as a factor in heavy metal uptake
has been stressed (Barrows, 1966; Miller et al. 1975), the uptake
of cadmium by roots and shoots

were not found to be related to the

pH of the nutrient solutions in this study.

However, the uptake of

lead was greater at pH 4 than at more basic pH levels.
Williams

According to

(1962), under neutral conditions, the plant roots contain

carboxyl groups that are negatively charged and can adsorb positive
ions.

As the substrate becomes more acidic,

the carboxyl groups

gain a proton and become neutral and the amino groups associated with
cellular protein become positively charged and repel cations.

In a

substrate, where heavy-metal cations are freely available, acidic
conditions would favor decreased adsorption by plant roots.

For

this reason the higher heavy-metal uptake from acidic soils, commonly
reported, is probably the result of the freeing of metallic ions
from various soil-binding sites and organic complexes, thus increas
ing their availability.
Although Root jet a l .

(1975) discounted iron deficiency as a

cause of leaf chlorosis in cadmium-treated corn plants, Malone et al.
(1978) reported that the addition of iron compounds ameliorated the
toxic effects associated with cadmium.

In this study, cadmium uptake

was higher in both roots and shoots when ferric ion was lacking in
the substrate at the lower cadmium concentrations.

The difference

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

in cadmium uptake between seedlings grown in full nutrient solutions
and nutrient solutions lacking ferric ion was especially prominent at
the 1 mg. per liter concentration level.
A consistent relationship between lead uptake and inorganic
phosphate concentration was not found, although on the average, the
uptake of lead in the roots was somewhat lower in seedlings grown in
solutions containing the higher levels of inorganic phosphate.

The

lead, added to the nutrient solutions as lead citrate, was present
in 0.24, 0.48, and 0.72 molar concentrations.

These amounts were

sufficient to precipitate essentially all the phosphate at either
the

10

tions.

-3

or

2 x 10

-3

molar concentrations in the nutrient solu

Schulze and Brand (1978), suggested that the inhibition they

found in the growth of the

Chlamydomonas

to a phosphate deficiency rather than to a

culture could be attributed
lead

toxicity.

The lack

of significant inhibition of root and shoot growth found in these
corn seedlings at the higher pH levels may be due to the storage of
essential nutrients, including phosphorus, in the endosperm

of the

kernel.
Four varieties of corn seedlings were grown in culture solutions
containg 10 mg. cadmium per liter to examine the relationship of
cadmium uptake and cadmium tolerance, as judged by inhibition of
primary root growth.

The least inhibition of primary root growth

,and the highest uptake of cadmium in the roots were found in the
Asgrow variety.

In contrast, the least tolerance and the lowest

cadmium uptake in the roots were shown in the Burpee Golden Bantam
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variety.

In the seedlings that had the highest uptake in the roots,

the content of cadmium in the shoots was lowest.

This may be an

indication that the cadmium is more effectively removed and irreversi
bly bound in the roots of the more tolerant plants.

In this section

of the study, the root dry weight was higher in the experimental
plants than was found in the controls although the root wet weight
was lower in the experimental plants.

The higher root dry weights

in the tolerant variety may be the result of a higher cell wall
area.

If a mechanism of tolerance involves cell wall binding sites,

a higher cell wall area could explain the greater tolerance of this
variety.
The relationship between cadmium uptake and accumulation of
plant dry matter was examined in corn seedlings grown in full
nutrient solutions containing 10 mg. cadmium per liter.

One group

of 15 seedlings was harvested daily form day 5 to day 12 after treat
ment was begun.

Cadmium content is reported in parts per million

(ppm) or micrograms of cadmium per gram of dry plant meterial.

The

results indicated that although the plant dry matter increased with
each day of growth, the cadmium content in the roots accumulated at
a faster rate during the time period of this study.
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CHAPTER V

Conclusions and Recommendations

Conclusions

1.

The uptake of lead and cadmium by corn seedlings grown hydroponically in the presence of these heavy metals was much greater in
the roots then in the shoots, ji.j2 ., only small amounts of lead
and cadmium were translocated to the shoots in these seedlings.

2.

The pH level of the substrate was not consistently related to
the uptake of lead and cadmium in these hydroponically grown
seedlings.

3.

The uptake of cadmium in both roots and shoots of these seedlings
was higher when the ferric ion was lacking the substrate at
lower levels of cadmium concentration.

4.

When 4 varieties of corn were compared, the variety that showed
the greatest tolerance to cadmium had the highest uptake in the
roots.

5.

Of the 4 varieties of corn, the variety that had the highest uptake

6.

The variety of corn that showed the least tolerance to cadmium

in the roots had the least translocation

to the shoots.

had the lowest uptake in the roots.
7.

The uptake of lead and cadmium in hydroponically grown corn was
positively related to the concentration of the heavy metal in the
substrate, but the relationship was not linear.
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8.

The cadmium accumulated at a faster rate in the roots than the
dry mass increased

during a 12 day treatment period in a

hydroponic solution containing 10 mg. cadmium per liter.

Recommendations
In the course of carrying out this investigation, several
questions needing further study became apparent.

With the increasing

concern about heavy metals in the environment and their entry into
the human food chain, much more information about their effect on
plant growth and the factors influencing the uptake in plants is
needed.

This method for growing seedlings and assessing toxicity

and uptake could be easily adapted to the study of other plants and
other heavy metals.

It is recommended that studies of this type be

carried out for a variety of plants, especially those in which the
plant root is the portion entering the food chain.

Other heavy

metals, singly and in combination, and the factors affecting their
uptake should be investigated.
Since plants growing in soils

contaminated

with heavy metals

are exposed to the metals until maturity, it would be desirable to
design a study with the treatment period extended over a much longer
period of time.
Air flow, temperature, and humidity all affect the rate of
transpiration.

Low pressures caused by transpiration influence the

rate of uptake of some nutrients into the roots and perhaps have an
effect on heavy-metal uptake.

More careful control over these factors

would possibly decrease the experimental variation and increase the
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value of the information gained from this type of experiment.
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